Introduction
Thermography -sometimes known as thermal imagingis the condition monitoring diagnostic technique which, from measurement of the radiant heat pattern emitted from a body or machine, is able to determine regions, or points, of increased or reduced heat emission that can indicate the presence of a fault in the body.
Industrial need for diagnostic monitoring
An efficient maintenance strategy can save industry from the danger and expense of catastrophic failure 3 . Electrical systems typically suffer from problems such as loose connections, load imbalances and corrosion resulting in resistive beating. Withit he UK's power generating industry, the cost of replacing electrical generation which may be lost if, say, an auxiliary motor fails in service, can be as much as £250,000 per day5.
Traditional contact condition monitoring limitations
Traditional machine condition monitoring tends to rely heavily on various contact-type transducers, particularly witb reference to vibration monitoring. However, these devices can be subject to the following limitations: D Difficulty when calibrating them, because this generally requires their removal from the machine. D Mechanical design can lead to a reduction in performance over a period of time; this could be influenced by vibrations transmitted from surrounding equipment. D Accelerometers require integration that is susceptible to noise. D Susceptibility to distortion through mechanical impedance (as the mechanical impedance of the machine determines how the vibration transducer responds to the vibration forces and can therefore significantly alter the charac-
teristic of the measured signal). D Accessibility problems in very hostile environments, e.g. hazardous to safety.
Non-contact thermal condition monitoring
Non-contact infrared (IR) thermal monitoring provides the means to scan the thermal emissions of complete machines or processes in a very short time and display a picture of temperatUre. There are a variety of thermal imaging instruments available, including state-of-the-art devices with the ability to store and recall images. This ability to recall and analyse previous thermal data is crucial to the development of predictive maintenance. Modem portable IR monitoring systems look like portable video cameras (see Figure 1 ).
Disadvantages of thermography
The disadvantages associated with thermography seem to be declining, due to more reliable hardware and userfriendly software. The main considerations relate to practical camera operation -for example, the object's emissivity must be known or calculated.
The emissive power of a surface is the total energy that streams through the surface from the interior to the surroundings. The emissive power of a black body, E bv ' is the energy of linearly polarized radiation within the frequency interval v to v+dv, in watts per steradian per square metre of sur-face per Hz. A black body absorbs all incident radiation and radiates in a continuous spectrum according to PJanck's law:
where h is Planck's constant, c is the velocity of light, k is Boltzmann's constant, and T is the absolute temperature.
Kirchhoff's law states that for any uniform medium in thermal equilibrium, the emissivity and the absorption coefficient, av, for any spectral region equals the ratio of the body's surface emissive power to the emissive power of a black body. This relationship serves to define the emissivity, Ev> of a body:
The object surroundings should have a homogeneous (ambient) temperature and should not include hot areas so positioned that the radiation can be reflected by the object. Atmospheric influences/attenuationdistance, composition (clear, misty, etc) and ambient temperature -can affect quality of detail.
Advantages of thermography
The major advantage of tbermogra- The rating of an electrical machine is generally set by the maximum permissible temperature which the insulation can withstand, and is therefore an excellent point at which to set temperature alarms.
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Electrical machines
Rotating electrical machines are an essential item within many industries. They are, however, subject to a number of possible failures. These failures have been identified 6 as: rotor body defects, rotor winding faults, water coolant faults, stator winding faults, winding insulation defects and stator core defects. When applying condition monitoring to electrical machines, there are three sources of possible problems: o Mechanical sources: bearings, rotor imbalance, looseness, misalignment, where Ll T r is the temperature rise at the reference current value (K), LlTm is the measured temperature rise (K), I r is the reference current (Amperes), and I m is the measured current (Amperes).
Industrial applications
Electrical systems
When two conductors come together, a contact is made and, due to the roughness and deformation of the surfaces, this contact is limited to a certain number of points known as 'elementary contacts'. This condition of contact is also affected by the constriction resistance (this is the reduction in contact area causing increased resistance to current flow) and the film resistance (development of resistive oxide layers as a result of oxidation). The deterioration of contact through an increase in electrical contact resistance (the sum of the constriction and film resistances) will There are many documented applications of IR monitoring in the steel, power generation, building services, automotive, paper, cement, offshore, glass and electronic industries 7 . Table 1 : Temperature condition indicators andfaults. phy is the large number of possible produce 'thermal hot spots'. industrial applications (see Table I ). However, the rate of deterioration Also it does not make contact with the substantially increases with time. surface to be measured; it is largely Ideally the trended temperature measnon-hazardous to personnel and work-urements should be performed in conplace; it is immune to electromagnetic junction with current measurements noise; it is applicable to explosive where the load is variable. This will environments and invariably real-enable the temperature rises to be cortime, limited only by the process time rected to a reference current value for required; and it is reliable, the compo-a valid comparison]: 
Hydraulic components
Hydraulic component condition monitoring using thermography is generally not common. Perhaps one of the reasons for this is that the high flow speed, fast pressure changes and fast movements make diagnosis complex and difficult. However, temperatures in hydraulic systems can vary to some degree during the cycle of the system due to wear, malfunction and increases in leakage, and have been documented 4 as illustrated in Table 2 .
Energy systems
There is continued pressure for improved energy conservation, particularly in the light of 'global warm-ing'; and to protect the environment, particularly with electrical power generation. This can only be achieved through a further commitment to energy conservation and pollution control. For example, the efficiency of space heating is reliant on adequate maintenance to ensure good insulation and to reduce the possibility of leaks or blockages in the system. Faulty insulation and fluid leaks are readily visible as local increases in temperature, whereas blocked pipes are detected as differential temperatures across a pIpe.
Conclusion
The technological development associated with IR cameras has resulted essentially in two types of systems.
Firstly those that are extremely accurate and fast with large amounts of analytical capability, probably for research purposes; and secondly those systems where extreme accuracy is not necessary, but are driven by a simple-to-use software system for predictive maintenance purposes.
